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摘  要 
DNA 既是遗传信息的载体，也具备识别、催化以及组装等功能。DNA 双螺
旋结构具有固定的宽度和螺距，这种特性使得 DNA 成为天然的“建筑”材料。
通过合理的设计可利用 DNA 制造复杂的二维、三维纳米结构，以及各种结构可
变的 DNA 分子机器。但是这些纳米结构和分子机器由于缺乏实际功能，无法真
正应用于生物传感、药物运输、纳米器件等关键领域，发展功能性的纳米结构以
及分子机器成为 DNA 纳米材料领域一个重要的发展方向。 
严格的碱基互补配对原则为 DNA 的半保留复制和遗传信息的稳定传递提供
了分子基础，保证亲代的遗传信息完整地传递给子代，使子代获得亲代的遗传性
状。但是随着遗传学的发展，人们发现核酸在亲代传递给子代时，并不是一成不
变的拷贝。由于外界环境的影响以及个体的差异，亲代和子代之间、子代和子代
之间核酸的组成以及含量不是完全一致的，即异质性，这在个体、组织、甚至细
胞水平中都广泛存在。长期以来基于统计平均的研究方法使得人们认为同一组织
中的所有细胞是相同的，含有相同的 DNA 和 RNA。但是单个细胞作为生命活动
的基本功能单元，实际上并不是完全相同的。研究表明，单细胞的异质性广泛存
在于生命活动中，特别是一些关键的生命过程，例如胚胎发育、干细胞分化、癌
症的产生和发展等，细胞之间的异质性在这些过程中往往起着关键的作用。通过
对单个细胞的 DNA/RNA 的测序，可以揭示单细胞的基因结构和基因表达状态，
阐明细胞异质性发生的机制，在发育生物学、肿瘤研究、神经学、微生物学等关
键领域发挥重要作用。基于核酸的纳米组装功能和遗传功能及其在单细胞中的异
质性等关键问题，本论文开展了以下几个方面的研究： 
1. 光控 DNA 单分子纳米剪刀的构建 
基于 DNA 分子严格的碱基互补配对原则，结合具有催化功能的 DNAzyme 和
光敏调控分子偶氮苯，构建了一个光调控的功能性 DNA 纳米机器。该分子机器
在光调控下具有对 DNA 底物分子的可控切割功能，被称之为“DNA 单分子纳米
剪刀”。在紫外光或者可见光的照射下，纳米剪刀分别处于打开或闭合状态，其
剪切功能相应被激活或者抑制，实现对底物分子的可控剪切。这种时空可控的
DNA 纳米机器在纳米组装以及药物递送等方面有着潜在的应用。 
2. 单细胞测序编码微球的合成 
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为了提高单细胞测序的通量、降低单细胞测序的成本，人们发展了单细胞编
码微球技术对单细胞 DNA/RNA 进行编码。我们利用拆分与混合法合成了单细胞
编码微球文库，发展了新型微乳液数字 PCR 法进行编码微球的合成。拆分与混
合法在 DNA 合成仪上利用 5’到 3’ DNA 合成试剂，经过 12 个循环的拆分与混合
得到库容量大于一千万（412）的细胞编码文库，再进行分子编码和捕获序列的合
成。该方法合成方法简单，文库容量大。微乳液数字 PCR 法将单个微球和单个
细胞编码分子包裹在一个微反应液滴中进行单分子 PCR 扩增，一步即可完成细
胞编码序列的扩增合成，通过连接反应进行分子编码和捕获探针的偶联，两步反
应即可完成编码微球的合成。该合成方法步骤少、操作简单，只需合成一个简单
细胞编码文库就可以合成制备庞大的编码微球文库，成本低廉，不需要 DNA 合
成仪等大型仪器，只需要常规的 PCR、连接反应就可以完成，具有更高的普适性。
微乳液数字 PCR 法以水为分散介质具有三维网状结构的水凝胶作为微球的载体，
该微球具有易修饰的优点，具有高比表面积的三维网状结构，可比实心结构的微
球修饰更多的目标分子，并且具有良好的生物反应兼容性以及刺激响应的凝胶—
溶胶转变特性等，大大提高了生化反应的效率。 
3. 高通量单细胞转录组测序 
针对单细胞测序通量低、测序成本高的技术瓶颈，我们结合微流控与编码微
球技术发展了的高通量单细胞测序平台。基于流体力学和尺寸效应，提出了高通
量单细胞平行操控微流控平台，实现了高通量单细胞的平行操控，如单细胞捕获、
分隔、裂解等；结合编码微球技术，实现了单细胞/单微球高效配对与编码；结合
高通量测序技术，发展高通量单细胞测序新方法，实现只需单次测序即可完成大
量单细胞测序，降低了单细胞测序的成本。 
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Abstract 
Nucleic acid is well known as the genetic material of all living organisms. And its 
double-helical structure has become one of the cultural symbols of our civilization. The 
key feature that makes nucleic acid so well suited to its biological role is the 
complementarity relationships that form hydrogen-bonded Watson-Crick base pairs: 
Adenine pairs with thymine (uracil in RNA), and guanine pairs with cytosine. The 
principle of base pairing make nucleic acid as the most predictable and readily 
programmed material on nano scale. Based on the principle of base pairing, various 
complex 2D or 3D nanostructures and molecular machines with different functions 
have been designed, which can be used for biological analysis, nanoreactor, 
nanomachine, and drug delivery.  
The principle of base pairing of the semi-conservative DNA replication, has a 
special significance, which provides a molecular basis for passing the consistent genetic 
information from the parent generation to the offspring. As the proverb says, “There 
are no two identical leaves,” and this is truly reflected in the fundamental unit of life-
the cell. And there are more and more evidence showing that single cells, even those 
derived from the same cell line or individual, can present different genomes, 
transcriptomes and epigenomes due to reprogramming of the genome and epigenome, 
and DNA replication error during cell division and differentiation, which is 
“Heterogeneity”. Heterogeneity is widely exist in the individual, tissue, and even single 
cell level. Heterogeneity at single cell level plays an important role in some key life 
processes, such as embryonic development, stem cell differentiation, cancer generation 
and development. Single cell DNA/RNA sequencing can reveal the heterogeneity at 
single cell level, and elucidate the mechanism of cell heterogeneity, which plays a key 
role in the field of developmental biology, oncology, neurology, microbiology etc. 
Based on the key functions of nucleic acid, such as nano-assembly, the heredity 
function and the heterogeneity in single cells, the main work composed by four parts 
are listed as follows: 
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1. Single-molecule photon-fueled DNA nanoscissors for DNA cleavage 
A new type of single-molecule photo-responsive DNA nanoscissors for DNA 
cleavage based on the regulation of substrate binding affinity was designed and 
fabricated. The DNA nanoscissors were created by attaching complementary 
azobenzene-modified sequence as a regulatory domain to one end of a DNAzyme. The 
unimolecular DNA nanodevice can be easily and precisely regulated via the change of 
irradiation wavelength. The reversible light induced trans–cis transition of azobenzene 
leads to a dramatic change in substrate binding affintiy, and a sharp difference in the 
enzymatic activity. Compared with other DNA nanomachines, our DNA nanoscissors 
have the advantages of a clean switching mechanism, as well as robust and highly 
reversible operation. Our proposed strategy of substrate binding regulation is also 
applicable to other DNAzymes, allowing the construction of many other photo-
responsive DNAzymes for different substrates. The newly constructed photon-fueled 
DNA nanoscissors provide a new method for photo-regulation of DNA cleavage with 
high spatial and temporal resolution, which will be useful for many applications in 
biotechnology and biomedicine. 
2. Barcode beads synthesis for single cell sequencing  
Each barcode bead has four parts:(a) universal primer, a constant sequence for 
downstream PCR and sequencing; (b) cell barcode, identical for each one bead, but 
different from the cell barcodes on other beads; (c) a unique molecular identifier (UMI), 
different from each oligo; and (d) capture probe, an oligo-dT sequence for capturing 
polyadenylated mRNAs and priming reverse transcription. We develop two methods 
for barcode beads synthesis. First one is split and pool method based on combinatorial 
chemistry. After 12 cycles split and pooling, barcode beads with large number of cell 
barcode can be synthesized with DNA synthesizer based on solid phase synthesis. The 
other one is emulsion PCR (ePCR) method based on digital PCR. One cell label and 
one bead is assigned to a tiny droplet with PCR reagents to amplify the cell label on the 
beads. With hundreds thousands of individual droplets reaction, a large barcode beads 
pool can be synthesized by one step. Thereby, every lab with PCR machine can make 
barcode beads. It is simpler and more universal. 
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3. High-throughput single cell mRNA sequencing 
We developed a PAIR-CHIP for high-throughput single cell and barcode bead 
manipulation. Massively parallel manipulation of single cells, including capture, cell 
and bead pairing, separation, lysis, and mRNA capture et al, can be done by using PAIR-
CHIP. The PAIR-CHIP has many advantages, such as high single cell capture efficiency, 
especially for a small amount of cells or samples (such as CTCs), and high pairing 
efficiency, easy manipulation, low cost. Then the mRNA transcripts from each cell can 
be tagged by barcode bead pairing. The pooling tagged mRNAs can be amplified 
together. After sequencing, the mRNAs for individual cell can be identified by cell 
barcode, and single cell mRNA transcripts can be counted by UMIs to avoid double-
counting sequence reads that arose from the same mRNA transcript. Thereby, a matrix 
of digital gene-expression measurements (one measurement per gene per cell) can be 
created for further analysis. With barcoding beads and PAIR-CHIP, we developed a 
high-throughput single cell mRNA sequencing, which can be used for solving the 
problems of biological heterogeneity and low quantities of available biological 
materials. 
Key words: Single molecule machine; Microfluidic; Single cell manipulation; Single 
cell sequencing  
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